Abstract. Past studies of plate driving forces have concluded that the forces due to subducted slabs in the upper mantle and those due to the thickening of the oceanic lithosphere are the principal driving forces. We reexamine the balance of driving forces for the present-day and extend our analysis through the Cenozoic, using an analytical torque balance method which accounts for interactions between plates via viscous coupling to the induced mantle flow. We use an evolving mantle density heterogeneity field based on the last 200 Myr. of subduction to drive plate motions, an approach which has proven successful in predicting the present-day mantle heterogeneity field. We find that for plausible upper mantle viscosities the forces due to subducted slabs in the Cenozoic and Mesozoic account for in excess of 90% of plate driving forces and those due to lithospheric thickening for less than 10%.
Introduction
Understanding global plate motions is one of the central problems of geodynamics, and determining the balance of forces acting on plates remains one of the ultimate goals of mantle convection modeling. Previous studies have concluded that the plates are mainly driven by a combination of the "pull" of slabs on subducting plates and the "push" from the ridges, opposed by basal drag and collisional resistance at plate boundaries. What has been called the "ridge push" force is actually distributed over the entire area of oceanic plates and results from the thermal thickening of the dense oceanic lithosphere [Lister, 1975; Hager & O'Connell, 1981] . "Slab pull" is also a buoyancy force due to the dense downgoing slab, which is coupled to the lithosphere by some combination of elastic and viscous forces in the slab and surrounding mantle.
Most previous studies have used a process of trial and error or inversion of plate velocities and the intraplate stress field to estimate the relative magnitude of driving and resisting torques [Solomon et al., 1975 
Model and Methodology
The forces that drive plate motions arise from buoyancy forces due to internal density heterogeneities. Near the surface, such forces include the thermal thickening of the oceanic lithosphere. In the deep mantle, it is likely that subducted slabs contribute the largest buoyancy forces [e.g. Richards & Engebretson, 1992 ]. In our model these density heterogeneities act on the plates through the viscous mantle flow which they induce, and we ignore elastic forces. The resisting forces arise from viscous drag beneath the lithosphere, and we ignore local interplate forces such as collisional resistance at plate boundaries. Our goal is to construct the most straightforward possible model of plate motions which is consistent with a broad range of geological and geophysical constraints on global plate motions and mantle density structure.
Our (Table 1) The problem thus consists of two parts whose solutions can be superposed, because they are both subject to the same type of bound_.ary condition: 1) To calculate the driving shear stresses •'int induced by the density heterogeneity field the surface velocities are set to zero. 2) The resisting shear stresses are calculated by imposing the plate geometry and applying unit rotations in each of the three cartesian directions to every plate, in the absence of internal loads. An exact solution for plate motions (with zero net torque on each plate) is obtained by superposition of these two solutions. This is equivalent to the method of Ricard & Vigny [ 1989] .
When modeling piecewise continuous plate motions a technical problem arises due to the viscous stress singularity that forms at a "fluid" plate boundary [Hager & O'Connell, 1981] . Viscous resistance at plate edges increases (unphysically) as the logarithm of the highest harmonic degree retained in the flow field. We truncate our calculations at degree 20 as Ricard & Vigny [ 1989] and Ricard & Wurning [ 1991] . We find that truncations at higher degrees (up to 50) do not change the results significantly, i.e. the correlation coefficients between predicted and observed plate motions change by less than 0.01 and the best fitting absolute viscosity by less than 15%.
We have calculated solutions for the viscosity structures given in Table 1 . Our preferred viscosity structure (a) has a lithosphere which is 10 times more viscous than the upper mantle and a lower mantle which is 50 times more viscous.
This viscosity structure gives the best fit to the observed geoid using our mantle density heterogeneity model [Ricard et 
Analysis of Driving Forces
Our model reproduces present day plate motions well, as shown by the comparison of the observed and predicted velocity fields in Figure 1 . We quantify the agreement by computing the variance reduction of the horizontal divergence and radial vorticity fields as defined in Lithgow-Bertelloni et el. [1993] and global correlation coefficients between the predicted and observed cartesian components of the linear momenta.
We compute both weighted and unweighted linear correlation coefficients between observed and predicted velocity fields. For the former we weight the V O.'s by the fraction of the total surface area of the Earth that each plate occupies. This approach gives the global correlation between observed and predicted surface velocity fields, which we feel is the best measure of model success. For 36 degrees of freedom (3 cartesian components for each of 12 plates) the correlations are significant above the 95% confidence level for any correlation coefficient greater than 0.33. The overall weighted correlation coefficient is -.90 (.62 unweighted). Our variance reduction for the horizontal divergence (96%) and the radial vorticity (66%) fields is substantially better than previous studies based on seismic tomography [Ricard & Vigny, 1989; Woodward et el., 1993] which achieved instead 66% and 20% variance reduction, respectively. The good agreement suggests that flow induced by mass anomalies in the lithosphere and mantle accounts for most of the forces driving the plates, and that our density heterogeneity model maybe a good approximation to the structure of the mantle and lithosphere. The model is also successful at reproducing past plate motions with weighted correlation coefficients ranging from 0.7-0.9 (.6-.8 unweighted) (Fig. 2) We now analyze in detail the relative magnitudes oi: the plate driving forces (Fig. 3a) . To examine the sensitivity of our conclusions to the assumed viscosity Structure, we investigate the effects of a low viscosity asthenospheric channel. This type of viscosity structure maximizes the relative contribution of lithospheric thickening to plate driving forces by partially decoupling the overlying lithosphere from the deep mantle flow induced by subduction-related density heterogeneity; in the inviscid limit, flow induced by mass anomalies lying below the lithosphere will exert no torque on the plates. 
Summary
We have assumed that plate driving forces arise from the flow induced by density heterogeneities in the mantle due to slabs and horizontal differences in lithospheric density structure. We have constructed a simple model for mantle density heterogeneity based on the last 200 Myr. of subduction. With this model we predict present and past plate motions in excellent agreement with observations. Examining the relative contribution of plate driving forces we have shown that the plate driving torques due to subducted slabs are in excess of 95%, and lithospheric contributions only of order 5%. To achieve a 1:1 ratio between lithospheric thickening forces and the forces due to subducted slabs, requires a low viscosity channel many orders of magnitude less viscous than the deep upper mantle. We conclude that plates are mostly driven by buoyancy forces due to subducted lithosphere and that these forces can be modeled with reasonable accuracy through the Cenozoic. Improved plate motion models require a better characterization of resisting forces along plate boundary faults. 
